FESHM 5031.1 PIPING ENGINEERING NOTE FORM
Prepared by: Terry Tope Preparation Date: June 17, 2011
Piping System Title: LAPD liquid argon purification and filter regeneration piping.
Lab Location: PC4 Lab Location code: 701030125

Purpose of system / System description: To purify liquid argon and regenerate
liquid argon filters.

Piping System ID Number:

Appropriate governing piping code: ASME B31.3 - 2010
Fluid Service Category (if B31.3): Category-D Category-M / High

Pressure
(circle one)

Fluid Contents: Liquid & Gaseous Argon
Design Pressure: 25 psig, 60 psig, 100 psig, and 115 psid.

Design Temperature: liquid argon purification: -303 °F (87 K), filter regeneration:
+482 °F

Piping Materials: See note.

Drawing Numbers (PID’s, weldments, etc.): See note.
Designer/Manufacturer: FERMILAB

Test Pressure: See note.

Test Fluid: pneumatic Test Date: See note.

Statements of Compliance

Piping system conforms to FESHM 5031.1, installation is not exceptional
No

Piping system conforms to FESHM 5031.1, installation is exceptional and has

been designed, fabricated, inspected, and tested using sound engineering
principles: Yes / No
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Reviewer's Signature: %g@&/ %ﬂ RCGER RABEHIDate: 9,1 ,/7/
| l TCESIN

 DIS Head's Signature: %/’ W/?;,/ Date: 771272011

ES&H Director's Signature: NA Date:

(if exceptional)

Director's Signature or Designee: NA ' Date:

(if exceptional)

Pipe Characteristics

Size: See note for full details. Primvary sections are 1” SCH 10 with 3" SCH 10
vacuum jacket and 2" SCH 10 with 5” SCH 10 vacuum jacket.

Length: See note for full details. Approximate piping footprint is 40’ x 20'.
Volume: ~ 200 liters

Relief Valve Information

Type: See note for all relief info. - Manufacturer:

Set Pressure: Relief Capacity:

Relief Design Code:

Is the system designed to meet the identified governing code?

Fabrication Quality Verification

System Documentation

Process and Instrumentation diagram appehded?

Process and Instrumentation component list appended?

Is an operating procedure necessary for safe operation?
If ‘yes’, procedure must be appended. :

Exceptional Piping System
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If “Yes”, follow the requirements for an extended engineering note for Exceptional
Piping Systems.

Qua!ity Assurance

List vendor(s) for assemblies welded/brazed off site: No assemblies were
fabricated off site.

- List welder(s)‘for assemblies welded/brazed in-house: See note.
Append welder qualification records for in-house welded/brazed assemblies.
See note.

Append all quality verification records required by the identified code (e.g.
examiner's certification, inspector's certification, test records, etc.)

See note.
Statements of Compliance for Amendment #1

Prepared by: Terry Tope Preparation Date: June 18, 2012

Piping system conforms to FESHM 5031.1, installation is not exceptional
No SRR

Piping system conforms to FESHM 5031.1, installation is exceptional and has
been designed, fabricated, inspected, and tested using sound engineering
principles: Yes / No

7 ,
Reviewer's Signature: %&L«, W ROGER KABENL Date: i/f/ /)2
D/S Head's Signaturezwzz‘(t‘/ Date: /t/12/207 %

ES&H Director's Signature: NA Date:
(if exceptional)

Director's Signature or Designee: NA Date:
(if exceptional)
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1.0 - GENERAL REQUIREMENTS:
1.1 — System Description:

This note details the liquid argon purification piping associated with the
LAPD project. The note covers stainless steel piping that contains liquid argon
and operates at -303 °F. The note also covers stainless steel piping that
contains gaseous argon, nitrogen, or a non-flammable mix of argon & hydrogen
that operates at temperatures up to 482 °F for filter regeneration. Associated
piping not designed to operate below —20 °F or above 366 °F is not detailed in
this note.

The documentation has been updated to reflect modifications required for the 2"
run of LAPD. These updates will be treated as an amendment to the original
piping engineering note. Updates will be noted by yellow highlighted text.

The vacuum jacketed argon purification piping has been modified to
accommodate LBNE 35T connections to the purification system. The connection
details are shown on drawings MD-489656 and MD-489654 available in
Appendix B.

Conflat flanges have been added on either side of the molecular sieve and
oxygen filters to allow for filter removal. To access the conflat flanges edge
welded bellows (with restraints) and Marmon flanges have been added to the
vacuum jacket. Downstream of the oxygen filter a particulate filter has been
added to the piping. The particulate filter is identical to existing filters at the liquid
pump suction and the tank liquid return. MD-486264 has been annotated to note
these changes.

Two vacuum jacketed bellows sealed cryogenic valves were removed from the
piping to use elsewhere. MD-486264 has been annotated to note this change.

A line was added to connect the liquid pump discharge and the tank vapor space
to purge vapor from the pump. This line consists of 2" OD ss tubing. The
flexibility of this line is documented in section 2.1 and its trapped volume relief
sizing is documented in section 2.5.1.

1.2 — Referenced ES&H Sections:

In addition to conforming to the pressure piping standards put forth in
ES&H 5031.1, the LAPD purification piping is obligated to conform to the
requirements of ES&H 5032 — Cryogenic System Review.

Table 1: B31.3 Piping Summary

Piping Description Applied Code Design Pressure Operating Method of Pressure test
and Service Temperature Examination
Tank to MV-368' B31.3 Normal 25 psig (40 psid for -303 °F In-process Pneumatic 29 psig (44
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Fluid VJ portion) inspection psid test for VJ portion)
Tank to MV-367-Ar B31.3 Normal 100 psig (114.7 -303 °F In-process Pneumatic 111.5 psig
Fluid psid for VJ portion) inspection (1285 ‘;f)'gi;ijt forvJ
Tank to condenser B31.3 Normal 60 psig (74.7 psid -303 °F In-process (é’&?urgfgitcegffgfi\%
Fluid for VJ portion) inspection : ppomon)
Tank to MV-330-Ar B31.3 Normal 100 psig -303 °F In-process Pneumatic 110
Fluid inspection psig test
Tank to MV-384-Ar B31.3 Normal 100 psig -303 °F In-process Pneumatic 110
Fluid inspection psig test
Tank to PSV-377-Ar° B31.3 Normal 3 psig -303 °F In-process Pneumatic 3.75
Fluid inspection psig test
Filter regeneration B31.3 Normal 100 psig +482 °F In-process Pneumatic 110
piping Fluid inspection psig test
All other LAr B31.3 Normal 100 psig (114.7 -303 °F In-process Pneumatic 126.5
purification piping Fluid psid for VJ portion) inspection psid test

This section of piping is only pressurized by the LAPD tank vapor pressure and liquid head. The maximum liquid height in
the tank is 10 feet such that the head available is 87 Ib/ft’> x 10 ft x 1 ft*/144 in® = 6.04 psi. The maximum vapor pressure in
the tank is 3 psig. Thus the total pressure available at the tank bottom relative to atmosphere is 9.04 psid (24 psid for the
VJ portion).

*This section of piping is only pressurized by the LAPD tank vapor pressure.

1.3 — Flow Schematic and Fabrication Prints:

Appendix A contains the flow schematic in which the relevant portions are
highlighted. The valve and instrument list is also found in Appendix A. Appendix
B contains the mechanical drawings used to fabricate the piping. These
drawings can also be located in the FERMILAB |I-DEAS TDM. Unistrut stands
were fabricated as needed to support the vacuum jacketed piping.

Both Appendix A and Appendix B have been updated to reflect the
changes associated with this amendment.

2.0 - ENGINEERING DOCUMENTATION
2.1 — Thermal Contraction Relief

Without sufficient relief from the thermal contraction induced
stress resulting from the cooling down of a section of pipe from 300 K to 87 K, a
straight piece of 304 stainless steel pipe will fail. The method for allowing pipe
movement involves lengths of braided flexible hoses aligned perpendicular to the
axis of pipe movement. The vacuum jacket also contains sections of braided
flexible hose to add flexibility at the tank, the liquid argon flowmeter (FT-595-Ar),
and at the two filter vessel interfaces.

The flexibility of the pump cool down line was looked at using an ANSYS
piping model. The Ansys model details are shown in the next four figures. A
maximum thermal stress of 10.1 ksi was computed which is below the 16.7 ksi
allowable.
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Tube is fixed in XYZ at the 3" SCH 10 vent pipe

ELEMENTS

MAT NUM 13%, Support allows Y movement
but not X or Z.

ACEL

Model info:

-1/2 inch OD stainless steel tube with a 0.049 inch wall, and
filled with liquid argon

81 ANSYS PIPE16 (straight) and 15 PIPE18 (curved)
elements.

-Elbows and tees include B31.3 Stress Intensification
Factors.

-Internal pressure of 100 psi applied.

-Model fixed at 70 F and then cooled to —300 F using 3.63
in./100 ft. thermal expansion value for Cu from B31.3 Table
C-1 for shrinkage from 70 F to -325 F.

-Young's Modulus of 30.3x10° psi used for SS at -325 F from
B31.3 Table C-1.6

Support allows Y movement
but not X or Z.

but not X or Y.

110

Support allows Z movement
but not X or Y.

Gravity applied in the negative Z direction and
acts upon the ss pipe and liquid argon.

Figure A: Pump cool down piping FEA inputs.

Tube diameter displayed 5x nominal size.

Support allows Z movement

48

AN

JUN 8 2012
09:39:00
PLOT NO. 1

Support allows Y movement

but not X or Z.

Tube is fixed in XYZ at the
3” SCH 10 vacuum jacket

DISPLACEMENT

Maximum displacement of
1.5 in. (vector sum).

Un-deformed model~ ~

Figure B: Pump cool down piping deformed model.

Deformed model with displacements
exaggerated by a factor of 25.

10:49:25
PLOT NO. 1
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NCDAL SOLUTION

AN

JUN 8 2012
o o1 10:50:30
TIME=1 PLOT NO. 1
USUM (AVG)
RSYS=0
DMX =.43603
SMX =.43663
Maximum displacement of
0.44 in. (vector sum).
Figure C: Pump cool down piping displacement vector sum results.
Displacement vector sum contours (inches).
0 .097029 .194058 .291087 .388116
.048514 .145543 242572 .339601 .43663
NODAL SOLUTION TN l:n:OlZ
Sh o 09:38:09
TIME= PLOT NO. 1
SEQV (AVG)
DMK =.43663
SMN =316.718
SMX =10161
Maximum Von Mises equivalent stress of 10,161 psi
Figure D: Pump cool down piping Von Mises stress results.
Von Mises equivalent stress contours (psi).
316.718 2504 4692 6879 9067
1410 3598 5786 7973 10161
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2.2 — Charpy Impact Testing Requirement

Appendix D contains a memo dated 12.29.09 which documents testing
performed which satisfies the B31.3 impact testing requirements for piping
welded at Fermilab and used at temperatures as low as -320 °F.

2.3 — Pipe Stress Calculations
2.3.1 — Pipe Wall Thickness Calculations

All of the piping in the system has a minimum quality of 304L stainless
steel. The allowable stress S used for calculation of the minimum wall thickness
t is taken from B31.3 Table A-1, and is 16.7 ksi for 304L austenitic stainless
steel, and contains an additional safety factor of 3.5, which is not part of the
safety factor calculated in the table below. Table 2 shows the various pipe sizes
used in the LAr purification system piping, the minimum calculated wall thickness
for the relevant section pressure, and the resulting factor of safety for the actual
pipe/tube installed. The calculation for the minimum wall thickness was done
using B31.3 Section 304.1.2 Straight Pipe Under Internal Pressure:

o D
2(SEW + PY)

In this equation, E is the quality factor for the pipe or tube and is equal to 1.0 for
seamless tube and pipe. W is the weld joint strength reduction factor which
applies only at elevated temperatures and therefore is equal to 1.0. Y is a
coefficient from table 304.1.1 and is given as 0.4 for austenitic stainless steels.
The maximum design pressure P of 115 psid was chosen because the trapped
volume reliefs are set at 100 psig.

Table 2. Pipe Thickness Factor of Safety Calculations Under Internal Pressure

Required wall Actual wall Actual wall thickness

Outside diameter D Allowable stress S Design pressure P thickness t thickness / required wall thickness
Pipe or tube size inch psi psid in in ratio
1/8" tube x 0.020" wall 0.125 16,700 115 0.000429 0.035 81.5
1/4" tube x 0.035" wall 0.250 16,700 115 0.000858 0.035 40.8
1/2" tube x 0.035" wall 0.500 16,700 115 0.001717 0.035 20.4
1/2" tube x 0.049" wall 0.500 16,700 115 0.001717 0.049 28.5
1" tube x 0.049" wall 1.000 16,700 115 0.003434 0.049 14.3
1" tube x 0.065" wall 1.000 16,700 115 0.003434 0.065 18.9
1.75" tube x 0.065" wall 1.750 16,700 115 0.006009 0.065 10.8
6" OD tube x 0.120" wall 6.000 16,700 115 0.020602 0.120 5.8
8" OD tube x 0.120" wall 8.000 16,700 3 0.000719 0.120 167.0
1/2" sch 10 pipe 0.840 16,700 115 0.002884 0.083 28.8
3/4" sch 10 pipe 1.050 16,700 115 0.003605 0.083 23.0
3/4" sch 40 pipe 1.050 16,700 115 0.003605 0.113 31.3
1" sch 10 pipe 1.315 16,700 115 0.004515 0.109 24.1
2" sch 10 pipe 2.375 16,700 115 0.008155 0.109 13.4
2" sch 40 pipe 2.375 16,700 115 0.008155 0.154 18.9
3" sch 10 pipe 3.500 16,700 115 0.012018 0.120 10.0
5" sch 10 pipe 5.563 16,700 115 0.019101 0.134 7.0

This section of piping connects the relief valve to the tank and only sees the tank vapor pressure of 3 psig.
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2.3.2 — Purity Monitor Branch Connection

The purity monitor vessel has a branch connection that must be checked
for proper reinforcement according to 304.3.3 of the Code (MD-466995). The
branch connection consists of a 1" SCH 10 pipe intersecting a 6” OD tube run.

There is no reinforcement added so the analysis will include only the excess
thickness of the pipes and tubes as reinforcement. The required reinforcement
area is given by:

A, =t,d,(2-sin f3)

th = the pressure design thickness of the run pipe, 0.0206 inches for the 6”
tube (Table 2).
dy = effective length removed from the pipe at branch which is the branch

outer diameter, 1.315".

p = angle between the axes of the branch and run, 90 degrees for this case.

Thus the required area is
A = 0.0206 x1.315 x (2 -sin 90) =0.02709 in.
The available area is defined as:
A, + A4, + A4, = 4
Area A;is the area resulting from excess thickness in the run pipe wall:
A, =2d, -d T, -t, - c)
d2 = half width of the reinforcement zone

=d, or (T, —c)+(T, —c)+%, which ever is greater.

Ty = branch pipe thickness, 0.109 — 0.109 x 0.125 = 0.095375".

c = sum of the mechanical allowances for thread or groove depth, plus
corrosion and erosion allowances, zero for this case.

Th = run pipe thickness, 0.120 — 0.120 x 0.125 = .105".

Thus (0095375 ~0) +(0.105 ~0) + -

=0.8579 which is less than d; so

d2 = d1 =1.315".
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Thus the area resulting from excess thickness in the run is
A, =(2x1.315-1.315)(0.105 -0.0206 —0) = 0.11099 in”.
Area Asis the area resulting from excess thickness in the branch pipe wall:
A, = 2L,(T,-t,—c)/sinf3

Ly = height of the reinforcement zone outside of the run pipe

= 2.5(T, -c) or 2.5(T, -c)+ T, whichever is less.
T, = minimum thickness of the reinforcing ring, O for this case without

reinforcement.
ty = the pressure design thickness of the branch, 0.004515”, from Table 2.
For L4,

2.5(0.105-0) =0.2625, 2.5(0.095375 -0) + 0 = 0.238438
thus L4 equals 0.238438.

The area resulting from excess thickness in the branch pipe is then
A, = 2x0.238438 x (0.095375 —0.004515 - 0)/sin90 = 0.043329 in”.

Area A,is the area of other metal provided by welds and properly attached
reinforcement. No credit is being taken for the welds.

A +A+ A=A

0.11099 +0.043329 +0 =0.02316

0.15432=0.02316

The available area sums to 6 times the required area.

2.3.3 —Vacuum Jacket Braided Hose Restraints

The stainless steel braided hoses on the vacuum jacket are each constrained by
three threaded rods equally spaced around their perimeter. The hose braid is
designed to resist the bellows pressure thrust due to internal pressure. But on
the 3 inch larger vacuum jacket hoses the braid does a poor job resisting the
pressure thrust due to external pressure. Without additional restraint the hoses
will shorten under external pressure putting significant forces on other portions of
the vacuum jacket. The threaded rods are sized to resist buckling due to
external pressure but still allow the flexible hoses to move laterally. The buckling
strength of the threaded rods is analyzed using the classic Euler-column formula
where:
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P

cr

Par
E

S

’E l D’
I CAS, k= A= ED 1T
% k A0 T, 64

= critical column load, Ibx.
= Young’s modulus, 27.5 x 10° Ib¢/in? for stainless steel.

= slenderness ratio, determines if a column is short or long,
dimensionless.

= area of column cross-section, in’.

= column diameter, in?. Equal to the threaded rod minor diameter.

= length of the column, inches, an effective length equal to the actual
length is a conservative value for the fixed-fixed end conditions of the
threaded rods.

= radius of gyration, in.

= smallest area moment of inertia of the column’s cross section, in*.

The pressure thrust, Py, is calculated by multiplying the area of the hose
calculated from its external diameter Dop (the outside diameter of the hose
convolutions), and atmospheric pressure.

ch=

Ib
Ip2 x147—
4 in

Table 3 summarizes the threaded rod calculations. The safety factor is
calculated as three times the critical load per rod (three rods per hose) divided by
the pressure thrust that must be resisted.

Table 3. Threaded rod buckling calculations.

Nominal Actual Critical
hose hose outside Pressure Hose Threaded Rod minor Rod momentof Radius of Slenderness load P, Safety

diameter diameter Do, thrust P, length/ rod size diameter D area A inertialI gyration k ratio S, per rod factor
in in Ib, in in in in? in* in - Ib -
6 7 566 20 1/2-13 0.4001 0.1257 0.0013 0.1000 200 854 4.5
5 6 416 36 1/2-13 0.4001 0.1257 0.0013 0.1000 360 263 1.9
5 6 416 24 1/2-13 0.4001 0.1257 0.0013 0.1000 240 593 4.3
5 6 416 20 1/2-13 0.4001 0.1257 0.0013 0.1000 200 854 6.2
3 3.88 174 20 3/8-16 0.2938 0.0678 0.0004 0.0735 272 248 4.3
3 3.88 174 16 3/8-16 0.2938 0.0678 0.0004 0.0735 218 388 6.7
3 3.88 174 16 3/8-16 0.2938 0.0678 0.0004 0.0735 218 388 6.7
3 3.88 174 12 3/8-16 0.2938 0.0678 0.0004 0.0735 163 689 11.9
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2.4 — Piping Components
2.4.1 — Unlisted Components

In B31.3 code, Table 326.1 list Component Standards that define listed
components. Components used in the system that do not fall into a category of
the B31.3 table or listed components without a definite pressure rating are listed
in Table 4 below. B31.3 section 304.7.2 (a) allows the use of unlisted
components with extensive operating experience.

Table 4. B31.3 Unlisted Components

Pressure rating System design pressure

Component Manufacturer Classification psi psid Comments
2-3/4 inch conflat HV feed thru CeramTec Unlisted 1500 100 See note 1
Purity monitor fiber optic feed thru FNAL Unlisted >100 100 See note 2
2-3/4 inch conflat  Kurt J Lesker Unlisted >100 100 See note 3
4-1/2 inch conflat ~ Kurt J Lesker Unlisted >115 115 See note 4
10 inch conflat modified FNAL Unlisted >100 100 See note 5
Braided metal flexible hose - 1/2 inch Hosemaster Unlisted 1186 115 See note 6
Braided metal flexible hose - 1 inch Hosemaster Unlisted 718 115 See note 6
Braided metal flexible hose - 2 inch Hosemaster Unlisted 449 115 See note 6
Braided metal flexible hose - 3 inch Hosemaster Unlisted 346 115 See note 6
VCR fittings Swagelok Unlisted 1900 115 See note 7
Tube weld fittings Swagelok Unlisted 2400 115 See note 8
6 inch tube cap GVC Direct Unlisted 150 115 See note 9
Liquid argon pump  Barber-Nichols Unlisted 115 115 See note 10
Vacuum insulated flexible hoses Technifab Products Unlisted 150 100 See note 11
Electric vaporizer Cryogenic Experts Unlisted 500 100 See note 12
Conflat vacuum valve Varian Unlisted 100 100 See note 13

Notes
1 This is the only manufacturer internal pressure rating given to a conflat that the author is aware of.
2 The FNAL fabricated component consists of a modified 2-3/4" conflat. It was pressure tested to 375 psi to qualify it for use
at 100 psi per ASME B16.9 2007. The tensile strength of 304 SS is 75 ksi and the B31.3 allowable is 20 ksi. This ratio
results in the 3.75x test pressure. Pressure test available in the Appendix E.

3 The CeramTec manufacturer pressure rating of 1,500 psi (note 1) and the successfully pressure test of an identical conflat
with material removed (note 2) qualify this size conflat for use at 100 psi.

4 A 4-1/2 conflat pair was pressured tested to 2600 psi before leakage occurred. This qualifies the flange for use at 693 psi
according to the ASME B16.9 proof test procedure. The pressure test documentation is available in the appendix. There is
also extensive service experience operating this size conflat at pressures up to 415 psid at both room and liquid argon
temperatures.

5 The modified 10 inch conflat was analyzed per 304.7.2(d) and the results are available in section 2.4.2.

6 Hosemaster supplies a pressure rating for these hoses and extensive service experience exists for both liquid nitrogen and
liquid argon.

7 The lowest pressure rating of any Swagelok VCR fitting is 1900 psi. Extensive service experience exists for Swagelok VCR
fittings in liquid argon service at pressures up to 415 psid.

8 The lowest pressure rating of any Swagelok tube weld fitting is 2400 psi. Extensive service experience exists for Swagelok
tube weld fittings in liquid argon service at pressures up to 415 psid.

9 The vendor states that this tube cap is sold for use on ASME stamped vessels with MAWPs up to 150 psig.
10 The vendor rates this vacuum jacketed pump for use at 115 psid.
11 These are rated by the mfg. and are used only for special procedures.

12 The electric vaporizer vaporizes liquid argon and heats the vapor to 70 °F. The vaporizer shuts its outlet solenoid valve if the

outlet drops below -25 °F. The vaporizer has its own hard wired controls and is not part of the PLC system.

13 The Varian vacuum valve was pressure tested to 375 psi to qualify it for use at 100 psi per ASME B16.9 2007. The tensile
strength of 304 SS is 75 ksi and the B31.3 allowable is 20 ksi. This ratio results in the 3.75x test pressure. Pressure test
available in the Appendix E.

2.4.2 — Inline Purity Monitor 10 inch Conflat Flange

The top flange of the inline purity monitor vessel consists of a modified 10 inch
conflat flange populated with three 2% " conflat flanges and three 2" VCR
fittings. The details of the holes in the flange are shown in drawing MD-486009
and the details of the purity monitor vessel itself are shown in MD-466995 (both
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drawings are in Appendix B). A simple ANSYS FEA model of the modified
conflat flange was made to check the stress under internal pressure. B31.3
304.7.2(d) allows for detailed stress analysis of a component with results
evaluated as described in the BPV Code Section VIII Division 2 Part 5. The
model consists of a round plate with holes in it that represent the smaller conflats
and VCR penetrations. Evenly distributed around the perimeter of each hole is a
force that represents the force due to pressure on the conflats and VCRs. For
the 2-3/4” conflats the pressure area diameter is taken to be 1.76” which is the
diameter of the largest portion of the hole in the 10 inch conflat such that the
force is

Ib,
F=AxP="(1.76")in* x100-% =243 Ib,.
4 in

For the 72" VCR fitting the pressure area diameter is taken to be 0.51” which is
the diameter of the corresponding thru hole in the 10 inch conflat and the force is
calculated to be

Ib,
F=AxP="(051)in* x100-% =20.4 Ib,.
4 in

The 100 psi pressure is applied across the conflat out to the knife edge seal
diameter of 8.6 inches. Symmetry is utilized to analyze half of the plate. The
model reports a maximum von Mises stress of 5,926 psi. This is far below the
lowest allowable stress of 16,700 psi for stainless steel in B31.3. Runs with
various mesh densities confirmed convergence on this maximum stress. The
details of the model are shown in the following two figures.
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T
ELEMENTS AN

AL UK 142011
17:36:31
ZIAT 1O, 1

Model constrained around the
perimeter of the bolt holes in the z

Symmetry boundary condition direction (out of page)

20.4 Ibs applied evenly around the
perimeter of each 1/2” VCR
penetration. Penetration modeled
as a 0.51 in. dia. thru hole.

243 Ibs applied evenly around the
perimeter of each 2-3/4” CF,
penetration. Penetration modeled

as a 1.76 in. dia. thru hole. : 100 Ibjin? pressure applied to

N, the surface of the conflat up
to the knife edge diameter of
8.6 in.

58,461 Solid 187 10 node tetrahedron elements
Young’s modulus 30.3 x 10° Ibf/in®

Poisson’s ratio 0.28

10 in. OD, 0.97 in. thickness flange dimensions

Figure 1: Inline Purity Monitor FEA Details

1 AN
NODAL, SOLUTION JUN 14 2011
STEP=1 Maximum displacement of 0.0038 inches 19:01:20
SUB =1 PLOT NO. 1
TIME=1
SECKW (2VG
M =. 003829
SM =32.009
SM =5926

Localized maximum stress
of 5,926 Ib/in®
Stress concentrations
around the constrained bolt
holes not shown

von Mises stress contours Ibf/in®

Figure 2: Inline Purity Monitor FEA Results

| BN :
. 3961 5271
20 eger U 1007 PP a0 4616 5926
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Twenty-four bolts hold the modified conflat flange to the mating vessel conflat
flange. These 5/16-24 bolts are stainless steel with a minimum strength of
70,000 psi. The conflat knife edge that provides the seal between the flanges
has a diameter of 8.6 inches. The force F applied to the top flange at MAWP is
then

Ib,
F = AxP="(86)in*x100-% = 5,809 Ib,.
4 in

Each bolt has a tensile stress area A; of 0.0581 in®>. The stress in each bolt is
then

5,809 lbf
F o4 Ib
Opopy = = 24 ) =4’166%'
A 0.0581in in

t

The bolt stress due to the maximum pressure difference the flange will see is
only 6 percent of the minimum bolt strength. The conflat bolts are torqued to 15
ft-lbr. Thus the bolt preload corresponds to a tensile stress calculated in the
following manner.

12 in
T 15ft x b, x
o _021xd _ 021x03125in _ 4749901
bolr A 0.0581 in’ T in?

1

Even if all the additional force due to internal pressure is transferred to the bolts
in addition to the bolt preload, the bolts are still well below their rated strength.
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2.5 — Relieving System
2.5.1 Trapped Volume Reliefs

The main venting scenario for the vacuum insulated liquid argon piping is
the loss of insulating vacuum. There are no system sources of pressure that can
supply gas at a pressure greater than the 100 psig mawp of the liquid argon

piping.

It is assumed air fills the vacuum space because air has a higher thermal
conductivity than argon. Fire is not considered due to the lack of combustible
material in the vicinity of the piping and the fact that the long length of the piping
makes it unlikely a significant portion could be involved in a fire.

Heat input into a 100 foot long section of vacuum jacketed is computed for both
the 17 SCH 10/ 3" SCH 10 and 2" SCH 10/ 5" SCH 10 combinations. No section
of vacuum jacketed piping that can become a trapped volume protected by a
single relief valve is near 100 feet in length.

Figure 3 shows the geometry for the vacuum insulated piping trapped volume
relief calculation. The vacuum jacket is set to 590.67 °R (131 °F) and the inner
line is fixed at 205.7 °R which is the saturation pressure that corresponds to the
flow rating pressure of 126.2 psia. The inner pipe is wrapped with 20 layers of
mli. Both radiation and convection provide heat input to the outer layer of the mli.
Thru the mli conduction and radiation are considered between each of the 20
layers, and between the final layer and the inner cryogen containing pipe.
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Superinsulation OD, Ty, T; (T2 = T;), Dmii, Di (Dmii= D)), €miiy Amii

Amii = 7t X Diji X Lpipe

For 17 SCH 10 with 3” VJ: Dpy; = Dj= 0.1752 ft (2.102 in), A = w x 0.1752 ft x 100 ft = 55.04 ft?
For 27 SCH 10 with 5” VJ: Dp; = Dj= 0.2635 ft (3.162 in), A = w x 0.2637 ft x 100 ft = 82.79 ft?

Air in the vacuum jacket

Both free convection and radiation exchange between the vacuum
jacket ID and the superinsulation OD are estimated. Air properties
evaluated at Trwhich is the average of T, and T.

Superinsulation
T3 thru T21

Both 1D conduction and 1D
radiation exchange thru the
superinsulation filled with air

Lgap, mli = 0.00164 ft
(gap between each layer, assumes
20 layers taken up one centimeter)

qradas thru qradsq22

gcondzs thru gcondzqzz

Lgap
For 1” SCH 10 with 3” VJ: 0.04823 ft
For 2” SCH 10 with 5” VJ: 0.0886 ft

Qtotal

Liquid argon saturated at
126.2 psia and 205.7 °R

The temperatures between
T, and Ty, are solved for
simultaneously using EES.

Cryogenic pipe OD, T,,, Doy, €2,

T2 =205.7 °R (-161 °C), saturation temperature
For 1”7 SCH 10 with 3” VJ: D5, = 0.0946 ft (1.315 in)
Pipe length, L,j,e = 100 ft For 2” SCH 10 with 5” VJ: D», = 0.1979 ft (2.375 in)

Vacuum jacket ID, Ty, T, (T1=T.), D1, Do (D1 = D), &1

T,;=T,=590.67 °R (55 °C), £1 = 1
For 1” SCH 10 with 3" VJ: D; = D,= 0.2717 ft (3.26 in)
For 2” SCH 10 with 5” VJ: Dy = D, = 0.4413 ft (5.295 in)

Figure 3: Vacuum jacketed piping trapped volume relief calculation parameters
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Radiation between the vacuum jacket ID and the mli OD, gradi,, is estimated
using equation 13.25 from the 4™ edition of Incropera and Dewitt’s Fundamentals
of Heat and Mass Transfer. The emissivity of the vacuum jacket, &y, is 1 while
the emissivity of each layer of super insulation, &, is estimated as 0.05. The
following is an example calculation for the 2" SCH 10 / 5" SCH 10 combination:

1.714 x10™° Btu

279 ft* x —————————x(590.67* - 387.649*) R*
d. - Amuo(#_T;) _8 i hr x ft* x R* x( ) —-3585 Btu
PERT T-e, D,y T I 1-1 02635/ TR
e. & D 005 1 "~ 04413ft

Convection between the mli OD and the vacuum jacket ID, qconvy,, is modeled
as free convection between concentric cylinders using equations 9.58, 9.59, and
9.60 from Incropera and Dewitt.

27tk (T T)L Ky 0386 Pr,, M(R *)1/4
conv,, =——2AT -TJL . | —0386| — @ a
aconmn (D ) AL 0.861+ Pr,, ¢
In| —
D,
4
D
[m( Df)} gB(T,-T)L;
Ra, = 3 _3/5 l _3/5)7 Ra,, Ra, e
Lgap (Dl + Do ) Vairaair
k . . T+T
/3=7’ aatr = “ ’ Prair = h’ Tf = ‘
Tf pairCPa,-r aair 2

Ra, = Rayleigh number, dimensionless, the ratio of buoyancy forces and (the
product of) thermal and momentum diffusivities.

kg= effective thermal conductivity, Btu / (hr x ft x °R), the thermal conductivity
that a stationary fluid would have to transfer the same amount of heat as
the moving fluid.

Lgap = distance between the heated and cooled surfaces, 0.0889 ft, for the gap
between the mli OD and the VJ ID for the 2" SCH 10 / 5" SCH 10
combination.

kair = thermal conductivity of the air in the vacuum space, Btu / (hr x ft x °R),

evaluated for air at ambient pressure and the average temperature of the
two enclosure surfaces Ty (average of T, and T;) by EES.
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Pr.ir = Prandtl number, dimensionless (ratio of the momentum and thermal
diffusivities), evaluated at the average temperature of the two enclosure
surfaces Tr(average of T, and T)).

g= gravitational acceleration, 4.173 x 108 ft/hr>.

= volumetric thermal expansion coefficient, 1 / °R, computed as 1/ Ty

aqr = thermal diffusivity, ft?/hr, evaluated for air at ambient pressure and T; by
EES.

vair = kinematic viscosity, ft%/hr, evaluated for air at ambient pressure and T by
EES.

pair = density, Ib/ft®, evaluated for air at ambient pressure and T; by EES.

crair= specific heat at constant pressure, Btu / (Ib x °R), evaluated for air at
ambient pressure and T by EES.

The above equations were solved simultaneously using EES which also

evaluated the fluid properties. An example calculation for the 2” SCH 10 / 5”
SCH 10 combination is shown below.
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Btu

- 2ux0.1314- 2L .
geonvyy =—-L(T ~T)L, = rxJIXR (500,67 -516.6)'R x 100 ff =11,869 2
(D, v (044137 hr

2. 044131

D, 02635 fi

1/4

kg Pr. 664 1
0386 | (Ra))" =O.386(0668) (524,327)"" = 8.439
k, 0.861+ Pr,, 0.861+0.6648
p\l !
(D, (04413
. D, 02635 fi
Ra = Ra, = 72,269 = 524,327

L, (D7D " 00886 f7(0.2635°% +0.441377)

8ap

gﬁ(Tn_Ti)LZap

Ra, = >~ _
Vairaair
t 0.001806 h h
4.173x10° iz x ———— x(590.67 -516.6)’R x 0.0889° ft* x 4 - x " > =72,269
hr 0.6004 fi* = 0.9032 ft
1 1 k,. Bt i Ibx“R 12
p=t L 001806, a, - e _oo1557 B, S XR 0500
T, 553.6°R irCp hr x ftx°R 007167 b  0.2405 Btu hr
ﬁZ
0.6004 *—
. T +T, 516. .
Pra[, _ Vir =7/’lt€ =0.6648, T/ _ l'; 0 _5 6 6+2590 670R —553.6°R
% 0903290
hr

Radiation between the mli layers themselves is modeled as exchange between
parallel planes (Incropera and Dewitt equation 13.24) in the following manner
where subscript two indicates the outer mli layer and subscript three the adjacent
mli layer.

1.714 x10™° Btu

82.79 ft* x x(516.563* —501*) R*
Am/,U(Tz4 - T;) / hrx ft* x R* ( ) Btu
grad,, = I I = I I =29.77 —
hr
— 1 — 1
£ £ 0.05 0.05

mli mli

Conduction in the air between the mli layers is modeled as 1-D conduction. The
thermal conductivity, ki, is evaluated at the average temperature of the vacuum
jacket and the outer mli layer which is conservative because the thermal
conductivity decreases as the temperature decreases radially thru the mli layers.
The outer mli layer surface area is used for all mli layers which is conservative
because the surface area decreases for each mli layer. An example mli
conduction calculation for the 2 SCH 10 / 5" SCH 10 combination is shown
below.
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Btu
0.01557 —————— x 82.79 ft* x(516.563 = 501)°R
geond,, = ka;rAmzi(Tz - Tz) _ hr x ftx°R f ( ) _12.198 Btu
» 0.00164 f T hr

gap mli

In CGA section 6.2.2 the following equation is used to calculate the minimum
required flow capacity for insulated containers for liquefied compressed gases for
conditions other than fire:

(590 -T)
=———"FGUA
O 4(1660 - T) Y
where:
U= Overall heat transfer coefficient to the liquid, L.
hr- ft*-°F
T=  Temperature specified in 6.1.3, 205.7 °R for saturated argon vapor at
126.2 psia.
F = Correction factor for pressure drop and temperature rise in line to relief

valve, specified in 6.1.4., 1.0 because the trapped volume reliefs are
attached with piping whose length is less than 2 feet.

A= Average surface area of the inner and outer surfaces areas of the
container insulation. The outer surface area of the superinsulation, An;, is
used for these calculations.

G;= Gas factor for insulated containers.

Q. = Flow capacity required at applicable flow rating pressure and 60 °F in
cubic feet per minute of free air.

For the CGA calculation this heat flow must be converted to an overall heat
transfer coefficient to the liquid.

Qo 12,227Btu 1 1 Btu
= = x - X =03836——5——
AAT hr 82.79ft> = (590.7 - 205.7) hr x ft*x°F

U

To calculate the initial estimate of the relief capacity needed, a gas factor, G;
must be computed. From page 25 of the CGA S-1.3—2008, when the flow rating

. . 126 .2 psi
pressure is less than 40% of the critical pressure (TpSl_a- 100 =17.9%), the
4 psia

following is used to compute G..
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G- 73.4(1660-T) [ZT
a CL M

where

L= Latent heat of product at flow rating pressure, 60.68% for saturated

m

conditions at 126.2 psia .

b = Constant for vapor related to ratio of specific heats (k=c,/c,) at standard
conditions. k = 1.67 for Argon at 60 °F and 14.696 psia (from EES) which
corresponds to C = 378 (Table 4 of CGA S-1.3—2008).

Z=  Compressibility factor for saturated vapor at 126.2 psia

3 . 2

» 126.21.[9]:x0.3685129144m2
Zer e I 0542,
R, 154510
Ibmolx°R | 505 7R
39.948 b
[bmol

T=  Flow rating temperature, 205.7 °R.
M = Molecular weight of gas, 39.948 for argon.

v=  specific volume, saturated vapor at flow rating pressure of 126.2 psia,

3
0.36857"
Ib

m

G, is calculated to be 73.4(1660 —205.7) /0.842 x205.7 _ 960,
378 x 60.68 39.948

The volumetric flow rate was found to be

3
(390-2057) 1 . 660 0.3836 x 8270 ~20.38 "

—of air.
4(1660 - 205.7) min

0, =

A similar calculation for a 100 foot length of 1” SCH 10 liquid argon pipe
surrounded by 3" SCH 10 vacuum jacket yields a required flow of 13.73 SCFM.

The liquid argon purification piping is protected by numerous Circle Seal 5100

series relief valves. The smallest of these relief valves, the 2MP size, has a flow
of 256 SCFM of air at 10% over its 100 psig cracking pressure. The trapped
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volume that includes the inline purity monitor vessel between valves AV-557-Ar
and MV-593-Ar is protected by PSV-587-Ar which has a flow capacity of 282
SCFM of air at 10% over its 100 psig cracking pressure. The surface area of the
purity monitor vessel is estimated below and is far less then the surface area
calculated for aforementioned trapped volumes such that it is adequately
relieved.

T x6inx49.12 in+% x 6%in° x2 =982 in" =6.82 f’

The relief valves are listed in the instrument list which is available in Appendix A.
The trapped volume relief valve (PSV-497-Ar) sizing for the un-insulated pump

cool down line is documented on the next 9 pages. This relief protects a “long”
un-insulated 72" OD stainless tube.
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rev. 11-02-12

Trapped Vol. RV sizing -
pump prime vent

This calculation is for sizing the relief rate for the trapped volume in the LAPD pump
priming vent, located on the pump suction.

API 521 standard is used for evaluating the overpressure scenarios and establishing a
basis for the relief design. API 520 is used for sizing.

CGA S-1.3 is not applicable because a vent pipe is not a storage container. For reference,
API 520/521 standards are more thorough than the CGA.

This is indoor piping and are no flammable materials stored near the pipe so fire
exposure is not a credible concern.

This pipe is not insulated, but will form an ice layer during use which would remain until

the line warms up. This ice would be there should the line be blocked in with LAr. A thin
layer is used in the calculations.

Constants and Defined values used in subsequent calculations

m
Acceleration: gy = 9.8 —

<2 kg-m
_ lbm 35 5. ft1bm L0
Gravitational Constant: 9c = Gaccel |+ 9c = 34 .Ibf 2 9= "N
-S
. joul
Gas Constant: Ry = 8.314472. Joule
Atmospheric pressure: atm = 14.70-psi atm = 14.70-—
in
Pipe Data
Pipe Length (liquid containing pipe up to max liquid level,
Pipe outside diameter split into horizontal and vertical)
1 . .
Pipe|p = E-in Pipe_y = (110 + 48)-in - 2-ft  Pipe lengths from piping FEA

Pipe = (6 +13+25+103+35+ 108 + 15)-in
Tubewa" := 0.049:in

Pipe vy = 11.2-ft Pipe Ly = 25.4-ft
Pipeop := Pipep + 2~Tubewa|| ] ) ) )
Pipe| tot := PipeLy + Pipey  Pipel tot = 36.6-ft

Pipeop = 0.598:in metal thermal

conductivity (316 SS)

km = 8.11 4
M = . mK
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Scenario Check List (API 521)

1. Closed outlets
Closing the block valves can be a source of overpressure.

2. Coolant failure - Not applicable.

3. Top reflux failure - Not applicable.

4. Side reflux failure - Not applicable

5. Lean Oil failure to absorber - Not applicable.

6. Accumulation of noncondensables
Not applicable. System designed for cyrogenic operation.

7. Entrance of highly volatile material - Not applicable. System designed for cyrogenic
operation.

8. Overfilling

Overfilling is not a source of over pressure. This pipe can be filled by the pump, but the pump
maximum discharge pressure is below 100 psig.

9.Control Failure

A control failure with the supply (LAPD tank) produces pressures that are well within the pipe design
pressure.

10. Abnormal heat or vapor input
There are no heaters in proximity to this vent pipe. Abnormal heat input is not credible.

11. Split exchanger tube - Not applicable.

12. Internal explosion - Not applicable, no flammables being used.

13. Chemical reaction - Not applicable, only cryogens in vessel.

14. Hydraulic expansion - Not applicable.

15. Exterior fire

The vent pipe is not near flammables. The closest equipment (LAPD tank) is not flammable.
Exterior fire is not credible.

16. Power failure (steam, electric, air, other) - same as item 8.

Item 1 above is identified as possible sources of overpressure. (Trapped volume)
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Data and Params for estimating air convection heat transfer coefficient

Argon Temp. @ relief P Approximate Film T

Troom := (25 + 273.15)-K Tarsat == 114.06-K Troom + Tar sat _ 206.1K

Air Property Data @ Fiim T

density thermal cond. Prandtl #
k mW
0air = 1.7164.~2 kg = 19.013. Pr,i == 0.7240
3 m-K
m
Coef. Thermal Expansion (Vol. Expansivity) Kinematic Visc Thermal Diff.
2 2
1 cm cm
Bair = 0-00489_ Vair = 0-07968— aair = 0.11'—
K S S

Rayleigh #, based on L

. 3
Jaccel* Bair- AT-PipeLy

RaL =
Vair Qair Ra, = 4 x 1012
Grashoff #
Rai
. N\
Gr_ = Pror Gr_ = 5.5x 1012 Grashoff number exceeds 1079 so

the flow is turbulent
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Estimate of Vertical Air Natural Convection Heat Transfer Coefficient

Assumption: There is constant boiling inside the pipe, therefore there is constant
heat flux.

- 12
1
6 Churchill-Chu correlation for isothermal
0.387-Ra . :
Nup := | 0.825 + vertical wall, laminar or turbulent flow,
8 any Ra and Pr
9 27 ref: Fundamentals of Heat and Mass
16 Transfer, by Incropera, DeWitt,
1. 0.492 Bergman and Lavine, 7th ed.
Prair 3
- - Nu_ =1.7x10
heat transfer coeff., natural convection
Nup -Kajr W
Neonv.vert = ——— heonv.vert = 9.7-———
PipeLy m2.K

Doubling the estimated convective heat transfer coeffient from above to make sure
the value used is higher than actual.
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Estimate of Horizontal Air Natural Convection Heat Transfer Coefficient

Rayleigh #, based on dia.

. 3
Jaccel' Bair AT-Pipeop

Rap =
Vair- Qair 5
Rap = 3.5x 10

Assumption: There is constant boiling inside the pipe, therefore there is constant

heat flux.
— l _2
0.387.Ra 6 ref: Fundamentals of Heat and Mass
Nup := | 0.60 + ' D Transfer, by Incropera, DeWitt,
8 Bergman and Lavine, 7th ed.
27
9
0.559) 16
1+
Prair
- - Nup = 10.9
heat transfer coeff., natural convection
Nup - Kair W
hCOﬂV.hOFiZ = hCOﬂV.hOfiZ = 13.7—
Pipeop m2.K
Heat Transfer Coef. , average
PipeLV PipeLH
hair.conv = - B ‘hconv.vert + — - ‘hconv.horiz
PipeLy + Pipe H PipeLy + Pipe Ly
W
hair.conv = 12-5'T
m~-K
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Heat Transfer Coefficient for uninsulated pipe full of trapped LAr

argon liq thermal cond. @ 110 psig, sat. Boiling argon heat transfer coef.
_ mwW _ kW' Just using a high
Kar.iq = 90-942: m-K N _boi = 2000- 2 . value, instead of

looking for one.

GAr & LAr density

k
oap = 42.687 —~2
Heat of Vaporization m @ relieving
H = 135.° @ relieving g conditions
V= — — A=A
kg conditions PLar = 1211.6 3
m
kg
PAr.CGA.STD = 1.6875-—3 @ 60F per CGA
m
Ice Thermal Conductivity
W per Cryogenic Heat Transfer, By Barrons
Kice := 1.88-——
o m-K Only a thin ice layer is assumed, which has only a small

impact on the overall heat transfer.

Total Pipe Areas for overall U calculation

Pipeop Pipe|p
-Pipe| tot Area|p := 21

Areapp = 2w -Pipe| tot

Areapp = 5.7-ft2 Aregp = 4.8-ft2

Relationship between overall U and individual heat path elements

1
UA =
1 , 0lmm Tubeyal N 1
hair.conv:Areapp  Kice*Areapp . Areapp +Areaip |  har poi-Areap
M 2

UA W

U = U = 12.47
Areagp m2.K

Convection Heat Load
Qair.conv = U'AreaOD‘(:g()OK - TAr.sat) Qair.conv = 1.230-kW
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Radiant Heat Load Estimate

For completeness, estimate of radiant energy that could be absorbed by the
uninsulated pipe, using simple black body assumptions.

Configuration factor, a value of 1 implies that all radiant
energy from object 2 (surroundings) is intercepted by
object 1 (pipe).

Foq:=

W Stefan-Boltzmann constant for black body total
m2.k? radiated energy

o = (5.6404.10°8).

4 4
Qradiant = AfeaOD'F2.1'G'[(300'K) - (89.1:K) ]

Radiant Heat Load

Qradiant = 241.2-W

Qair.conv + Qradiant kg
Reqyeli =39.2.—
Hy Qrelief. GAr hr

Reqrelief.GAr =

This is the relief rate for the largest credible relief scenario; blocked in, LAr full.
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Relief valve capacity @ 110% of setpoint

Relief valve Set Pressure
vessel Design P (MAWP)

Relieving pressure: overpressure of 10%

Pr = 124.7-psi

Physical Properties of vapor @ 10% Pres. Accumulation (REFPROP)

Molecular Weight Saturation temperature

at relieving pressure

k
M,, = 39.95.—9 T = Tarcat T, = 114.1K
kgmole
gg;pressibility Gas Heat Capacity Ratio @ relieving Temperature
Z := 0.84837 ~ = 2.0453

Actual Relief Rate - Based on a selected relief valve orifice size

For the Generant selected, relieve valve, the actual orifice size is checked with the
certified Kd value (ASME) for that relief valve.

2
.400.i
As = ﬂ(wj

Selected Orifice Size As = 0.126~in2

Coeff. of Discharge Kd:=0.34 >>  Specific to CRV8V with setpoint
Back Pressure Factor Kb := 1.0 between 90-130 psig <<
Combination Factor Ke = 1.0
1 API520.Pleq.5
" E sect. 5.6.3.1.1, with expanded "C"
_ Y'9c Mw 2 factor and unit consistency and
Wma := Kd-Kb-Kc-Pr-As- Tin-Rg-Z '(ﬁ{ N J conversion handled by Mathcad. The

gas constant and gravitational

b kg constant are explicitly shown.
Wmp = 1027-— Wmp = 466-—
hr hr kg
Reqrelief.GAr = 39-2‘W

The selected relief valve exceeds the required relief capacity and is therefore adequate

for protecting the priming vent pipe.
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REFPROP Version 9.0

1: air: Specified state points [Barometric pressure: 14.696 psia]

Temperature Pressure Density Cp/Cv Comp. Factor Quality
(K) (psig) (kg/m”3) (ka/kg)
1 206.10 0.0000000000000079476 1.7164 1.4055 0.99786 Superheated
Molar Mass Therm. Cond. Viscosity Kin. Viscosity Therm. Diff. Prandtl
(mW/m-K) (uPa-s) (cmA2/s) (cmA2/s)
1 28.965 19.013 13.676 0.079679 0.11006 0.72399

Vol. Expansivity

(1/K)

1 0.0048906
Air properties at film T
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REFPROP Version 9.0

1: argon: Specified state points [Barometric pressure: 14.696 psia]

Temperature
(K)

1 114.06
2 114.06

Therm. Cond.

(mW/m-K)

1 8.2471
2 90.942

Pressure
(psig)

110.00
110.00

Viscosity
(cPoise)

0.0098179
0.12720

Density Cp/Cv
(kg/mA3)
42.687 2.0453
1211.6 2.6897

Kin. Viscosity Therm. Diff.

(cmA2/s) (cmA2/s)
0.0023000 0.0025336
0.0010498 0.00059760

Comp. Factor

0.84837
0.029890

Prandtl

0.90780
1.7568

Quality Heat of Vapor. Molar Mass
(kg/kg) (kJ/’kg)

1.0000 134.99 39.948
0.00000 134.99 39.948

Vol. Expansivity
(1/K)

0.014357
0.0067853

Argon properties at the relieving pressuring.
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9.6 m Empirical Correlations: External Free Convection Flows 605

where the Rayleigh number,

T, — T,)L?
Ra;, = Gr, Pr= gB(T. — T=)L” (9.25)

ra

1

is based on the characteristic length L of the geometry. Typicaly, n = and 3 for laminar
and turbulent flows, respectively. For turbulent flow it then follows that 4, is independent
of L. Note that al properties are evaluated at the film temperature, 7, = (7, + T.,)/2.

9.6.1 The Vertical Plate

Expressions of the form given by Equation 9.24 have been developed for the vertical plate
[5-7]. For laminar flow (10* < Ra;, < 10°), C = 0.59 and n = 1/4, and for turbulent flow
(10° < Ra; = 10%), € =0.10 and n = 1/3. A correlation that may be applied over the
entire range of Ra,; has been recommended by Churchill and Chu [8] and is of the form

(9.26)

- 0.387 Ral® 2
Ny = {0.825 + Y }

[1 + (0.492/Pr)* ¥

Although Equation 9.26 is suitable for most engineering calculations, slightly better accu-
racy may be obtained for laminar flow by using [8]

0.670 Ra}*
[1 + (0.492/Pr)%16]4°

Nu, = 0.68 + Ra, < 10° (9.27)

When the Rayleigh number is moderately large, the second term on the right-hand side of
Equations 9.26 and 9.27 dominates, and the correlations are the same form as Equation
9.24, except that the constant, C, is replaced by a function of Pr. Equation 9.27 isthen in
excellent quantitative agreement with the analytical solution given by Equations 9.21 and
9.20. In contrast, when the Rayleigh number is small, the first term on the right-hand side
of Equations 9.26 and 9.27 dominates, and the equations yield the same behavior since
0.825% =~ 0.68. The presence of leading constants in Equations 9.26 and 9.27 accounts for
the fact that, for small Rayleigh number, the boundary layer assumptions become invalid
and conduction parallel to the plate isimportant.

It isimportant to recognize that the foregoing results have been obtained for an isother-
mal plate (constant T7,). If the surface condition is, instead, one of uniform heat flux (constant
q7), the temperature difference (7, — T.,) will vary with x, increasing from the leading edge.
An approximate procedure for determining this variation may be based on results [8, 9]
showing that N, correlations obtained for the isothermal plate may still be used to an excel-
lent approximation, if Nu; and Ra; are defined in terms of the temperature difference at the
midpoint of the plate, AT, ,, = T,(L/2) — T.. Hence, with 1 = ¢./AT, ;,, acorrelation such as
Equation 9.27 could be used to determine AT, ,, (for example, using a trial-and-error tech-
nique), and hence the midpoint surface temperature 7,(L/2). If it is assumed that Nu, o< Ra¥*
over the entire plate, it follows that

n
qsX

kAT

o ATZU4x3/4
or
AT o< x¥5
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Hence the temperature difference at any x is

xl/5 ¥ 1/5
AT)C = W ATL/Z =1.15 Z ATle (928)

A more detailed discussion of constant heat flux resultsis provided by Churchill [10].

The foregoing results may also be applied to vertical cylinders of height L, if the
boundary layer thickness 6 is much less than the cylinder diameter D. This condition is
known to be satisfied [11] when

D 35

= =

L G

Cebeci [12] and Minkowycz and Sparrow [13] present results for slender, vertical cylinders
not meeting this condition, where transverse curvature influences boundary layer develop-
ment and enhances the rate of heat transfer.

EXAMPLE 9.2

A glass-door firescreen, used to reduce exfiltration of room air through a chimney, has
a height of 0.71m and a width of 1.02m and reaches a temperature of 232°C. If the
room temperature is 23°C, estimate the convection heat rate from the fireplace to
the room.

SOLUTION

Known: Glass screen situated in fireplace opening.
Find: Heat transfer by convection between screen and room air.
Schematic:

Glass Height, L=0.71m
panel Width, w=1.02 m

Quiescent
_ air

qcony 7. =23°C
T, = 232°C

Assumptions:
1. Screenisat auniform temperature T,.
2. Room air is quiescent.
3. Ided gas.
4. Constant properties.

Properties: Table A4, air (T, = 400K): k=338 X 107° W/m-K, v = 26.4 x 107°
m?/s, a = 38.3 X 10" °® m/s, Pr = 0.690, B = (U/T)) = 0.0025K ™.
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which yields
¢' = (17.5+ 22.8 + 15.5) W/m = 55.8 W/m

The insulation therefore provides a 76% reduction in heat loss to the ambient air by
natural convection.

2. Although they have been neglected, radiation losses may still be significant. From
Equation 1.7 with & assumed to be unity and Ty, = 288K, ¢;q = 398 W/m for the
uninsulated duct. Inclusion of radiation effects in the energy balance for the insulated
duct would reduce the outer surface temperatures, thereby reducing the convection
heat rates. With radiation, however, the total heat rate (gion + ¢raq) Would increase.

F

9.6.3 The Long Horizontal Cylinder

This important geometry has been studied extensively, and many existing correlations have
been reviewed by Morgan [22]. For an isothermal cylinder, Morgan suggests an expression
of the form

= @ =
k
where C and » are given in Table 9.1 and Ra,, and Nu,, are based on the cylinder diameter.

In contrast, Churchill and Chu [23] have recommended a single correlation for a wide
Rayleigh number range:

Nuj, CRa}y (9.33)

0.387 Rap’®
[1 + (0.559/Pr)* )%

_ 2
Nuy = {o.eo 4 } Rap, < 102 (9.34)

Theforegoing correlations provide the average Nusselt number over the entire circumfer-
ence of an isothermal cylinder. As shown in Figure 9.8 for a heated cylinder, local Nusselt
numbers are influenced by boundary layer development, which begins at # = 0 and con-
cludesat 6 < 7 with formation of a plume ascending from the cylinder. If the flow remains
laminar over the entire surface, the distribution of the local Nusselt number with 6 is char-
acterized by a maximum at 6 = 0 and a monotonic decay with increasing 0. This decay
would be disrupted at Rayleigh numbers sufficiently large (Ra;, = 10°) to permit transition
to turbulence within the boundary layer. If the cylinder is cooled relative to the ambient
fluid, boundary layer development begins at 8 = r, the local Nusselt number is a maxi-
mum at this location, and the plume descends from the cylinder.

TABLE 9.1 Constants of Equation 9.33 for free convection
on a horizontal circular cylinder [22]

Ray, C n

10701072 0.675 0.058
107%10? 1.02 0.148
10%-10* 0.850 0.188
10107 0.480 0.250
10"-10% 0.125 0.333
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FinalVelocit e | vZa2as Creates a user-defined function based on initial
inalVelocity(vp,a.s) := J 0 velocit